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ABSTRACT
We examine the indirect effects of new physics on a variety of processes in the
B system, such as the Z → bb¯ vertex, the decays B → Xsγ and B → Xsℓ
+ℓ−,
and CP violation.
1. Introduction
The investigation of virtual effects of new physics provides an important oppor-
tunity to probe the presence of interactions beyond the Standard Model (SM). Various
types of experiments may expose the existence of new physics, including the search for
direct production of new particles at high energy accelerators. Although this scenario
has the advantage in that it would yield the cleanest observation of new physics, it is
limited by the kinematic reach of colliders. A complementary approach is offered by
examining the indirect effects of new interactions in higher order processes, such as
rare or forbidden decays and precision electroweak measurements, and testing for devi-
ations from SM predictions. In fact, studies of new loop induced couplings can provide
a means of probing the detailed structure of the SM at the level of radiative corrections
where Glashow-Iliopoulos-Maiani (GIM) cancellations are important. In some cases the
constraints on new degrees of freedom via indirect effects surpass those obtainable from
collider searches. Given the large amount of high luminosity data which will become
available during the next decade, precision measurements and rare processes will play a
major role in the search for physics beyond the SM. Here we highlight the importance of
virtual effects in the B system, focusing on two-Higgs-doublet models, supersymmetry,
and models with anomalous couplings.
2. The Z → bb¯ Vertex
The SM continues to provide an excellent description of precision electroweak
data,1 especially in the light of the discovery of the top-quark2 in the mass range
predicted by this data. The only hint of a potential discrepancy is a mere (2 − 2.5)σ
deviation from SM expectations for the quantity Rb ≡ Γ(Z → bb¯)/Γ(Z → hadrons).
A global fit to all LEP data gives the result1 Rb = 0.2204 ± 0.0020. In this fit, the
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value of Rb is highly correlated to the value of the corresponding quantity Rc, which
is measured to be Rc = 0.1606 ± 0.0095. If Rc is fixed to its SM value of 0.171, the
LEP result for Rb becomes 0.2196 ± 0.0019. In the SM, Rb is sensitive to additional
vertex corrections involving the top-quark, while the remaining electroweak and QCD
radiative corrections largely cancel in the ratio. These additional vertex corrections
suppress Γ(Z → bb¯) by an amount which is approximately quadratic in the top-quark
mass and hence reduce the value of Rb for the measured range of mt. This can be
seen explicitly in Fig. 1(a) from Grant,3 where the solid curves compare Rb in the
SM (taking mh = 100GeV) with the corresponding quantity Rd which is not affected
by this top-quark vertex correction. Using ZFITTER4.94 we find Rb = 0.2157, taking
mt = 175GeV (and mh = 300GeV, αs = 0.125).
We first consider the effects of an enlarged Higgs sector on Rb. We examine a two-
Higgs-doublet model (denoted5 as Model II) which naturally avoids tree-level flavor-
changing neutral currents, and where the second doublet, φ2, gives mass to the up-type
quarks, while the down-type quarks and charged leptons receive their mass from φ1.
Each doublet obtains a vacuum expectation value (vev) vi, subject to the constraint
that v21 + v
2
2 = v
2, where v is the usual vev present in the SM. The fermionic couplings
of the five physical Higgs bosons are summarized in Ref. 5 and are dependent upon the
fermion mass, tan β ≡ v2/v1, and the neutral scalar mixing angle α. Two additional
classes of Zbb¯ vertex corrections are present in this model3,6; (i) the charged Higgs boson
H± being exchanged together with the t-quark, and (ii) the neutral scalar h0, H0 and
pseudoscalar A0 Higgs bosons exchanged with the b-quark. The diagrams involving the
H± exchange yield negative contributions to Z → bb¯ and grow as mt increases, thus
further suppressing this width. The contributions from the neutral Higgs exchange can
have either sign, depending on the values of the scalar masses (this correction is positive
if h0 and A0 have small degenerate masses), and become important for large values of
tan β. This scenario is summarized3 by the dashed curves in Fig. 1(a), where the upper
(lower) curves correspond to tan β = 70(1) with mh0,A0 = 50GeV, mH0 = 875GeV,
mH± = 422GeV, and α = π/2. We see that it is possible to accommodate the data in
this model for very specific values of the parameters.
The (s)particles present in supersymmetric theories also contribute to the Zbb¯
vertex correction. In addition to the SM and Model II charged and neutral Higgs cor-
rections discussed above, there are further contributions from (i) top-squark-chargino
and (ii) b-squark-neutralino exchange. These additional corrections have been exam-
ined by several authors,6,7 and have been found to be sizeable in some regions of the
parameter space. In particular, the light t˜1-chargino loops can give large corrections,
while the heavy t˜2-chargino and b˜-neutralino corrections decouple. Wells et al.,
7 have
performed a phenomenological analysis of these supersymmetric corrections and es-
tablished that consistency at the 1σ level with the LEP data on Rb, together with
the measured value of mt, requires light sparticles. Specifically, they find the constraint
mχ˜±
1
< 85GeV andmt˜1 < 100GeV with min(χ˜
±
1 , t˜1) < 65GeV. This is shown explicitly
in Fig. 1(b) from this reference.
Anomalous WWZ interactions would impact the top-quark corrections to the
Zbb¯ vertex. The tri-linear gauge boson vertex can be probed by looking for deviations
from the SM in tree-level processes such as e+e− →W+W−, or in loop order processes,
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for example the g − 2 of the muon. In the latter case, cutoffs must be used in order to
regulate the divergent loop integrals and can introduce errors by attributing a phys-
ical significance to the cutoff.8 The CP-conserving interaction Lagrangian for WWV
interactions can be written as9
LWWV = igWWV
[(
W †µνW
µV ν −W †µVνW
µν
)
+ κVW
†
µWνV
µν +
λV
M2W
W †λµW
µ
ν V
νλ
−igV5 ǫ
µνλρ
(
W †µ∂λWν −Wν∂λW
†
µ
)
Vρ
]
, (1)
where Vµν = ∂µVν − ∂νVµ, gWWV = gcw(e) for Vµ = Zµ(Aµ), and the parameters
(∆κV ≡ κV − 1) take on the values ∆κV , λV , g
V
5 = 0 in the SM. Eboli et al.,
10 have
examined the affect of these anomalous interactions on Rb and derived the 95% C.L.
bounds (for mt = 175GeV), −1.2 < ∆κZ < −0.091, −6.0 < λZ < −0.46, −1.9 <
gZ5 < −0.14, assuming that only one parameter is non-zero at a time, and setting the
cutoff scale Λ = 1 TeV. Negative values of these parameters yield positive shifts in Rb
and hence are favored. Note that these parameters must be unnaturally large in order
to accommodate the data.
The existence of anomalous couplings between the b-quark and the Z boson could
cause a significant shift11 in the value of Rb. The lowest dimensional non-renormalizable
operators which can be added to the SM take the form of either electric or magnetic
dipole form factors. Defining κ and κ˜ as the real parts of the magnetic and electric
dipole form factors, respectively, (evaluated at q2 =M2Z) the interaction Lagrangian is
L =
g
2cw
b¯
[
γµ(vb − abγ5) +
i
2mb
σµνq
ν(κZb − iκ˜
Z
b γ5)
]
bZµ . (2)
The influence of these couplings on Rb, as well as the asymmetry parameter Ab, is
presented in Fig. 1(c) from Rizzo,11 where the ratio of these quantities calculated with
the above Lagrangian to that of the SM (as defined by ZFITTER4) is displayed. In this
figure the solid (dashed) curves represent the predictions when κZb (κ˜
Z
b ) is taken to be
non-zero, with the diamonds representing unit steps of 0.01 in these parameters. The
data points are also shown, with mt = 170 (dotted), 180 (solid), 190 (dashed) GeV.
Note that the present data prefer non-zero values for these couplings.
3. Radiative B Decays
Radiative B decays have become one of the best testing grounds of the SM
due to recent progress on both the experimental and theoretical fronts. The CLEO
Collaboration has recently reported12 the observation of the inclusive decay B → Xsγ
with a branching fraction of (2.32± 0.57± 0.35)× 10−4. Observation of this process at
the inclusive level removes the uncertainties associated with folding in the imprecisely
predicted13 ratio of exclusive to inclusive rates when comparing theoretical results with
exclusive data. On the theoretical side, the reliability of the calculation of the quark-
level process b → sγ is improving14 as agreement on the leading-logarithmic QCD
corrections has been reached and partial calculations at the next-to-leading logarithmic
order are underway. These new results have inspired a large number of investigations
of this decay in various classes of models.15
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Fig. 1. (a) Rb as a function of the top-quark mass in the SM (solid curves) and in the two-
Higgs-doublet Model II (dashed curves) from Ref. 3. The value of the parameters are as
described in the text. The error bars indicate the 1σ experimental measurements. (b) Bounds
on the lightest chargino and stop-squark masses which are consistent with Rb at the 1σ level
from Ref. 7 for mt = 157, 174, 191GeV. The allowed region lies below the curves. (c) The Rb
and asymmetry parameter Ab plane for non-zero values of the electric and magnetic dipole
couplings from Rizzo in Ref. 11, where the diamonds represent unit increments in these
quantities in steps of 0.01. The error bars represent the data, scaled to the SM prediction
with mt = 170, 180, 190GeV corresponding to the dotted, solid, dashed curves, respectively.
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In the SM, the quark-level transition b→ sγ is mediated byW -boson and t-quark
exchange in an electromagnetic penguin diagram. To obtain the branching fraction, the
inclusive rate is scaled to that of the semi-leptonic decay b → Xℓν. This procedure
removes uncertainties from the overall factor of m5b , and reduces the ambiguities in-
volved with the imprecisely determined Cabibbo-Kobayashi-Maskawa (CKM) factors.
The result is then rescaled by the experimental value of B(b → Xℓν). The calcula-
tion of Γ(b → sγ) employs the renormalization group evolution14 for the coefficients
of the b → s transition operators in the effective Hamiltonian at the leading logarith-
mic level. The participating operators consist of the current-current operators O1,2, the
QCD penguin operators O3−6, and the electro- and chromo-magnetic operators O7,8.
The Wilson coefficients of the b → s operators are evaluated perturbatively at the W
scale, where the matching conditions are imposed, and evolved down to the renormal-
ization scale µ, usually taken to be ∼ mb. This procedure yields the branching fraction
B(b → sγ) = 2.92+0.77−0.59 × 10
−4 for a top-quark mass of 175 GeV. The central value
corresponds to µ = mb, while the upper and lower errors represent the deviation due
to assuming µ = mb/2 and µ = 2mb, respectively. We see that (i) this value com-
pares favorably to the recent CLEO measurement and (ii) the freedom of choice in the
value of the renormalization scale introduces an uncertainty of order 25%. Clearly, this
uncertainty must be taken into account when determining constraints on new physics
from this process.
Before discussing explicit models of new physics, we first investigate the con-
straints placed directly on the Wilson coefficients of the magnetic moment operators.
Writing the coefficients at the matching scale in the form ci(MW ) = ci(MW )SM +
ci(MW )new, where ci(MW )new represents the contributions from new interactions, we
see that the CLEO measurement limits the possible values of ci(MW )new for i = 7, 8.
These bounds are depicted in Fig. 2(a) for mt = 175GeV, where the allowed regions
lie inside the diagonal bands. We note that the two bands occur due to the overall sign
ambiguity in the determination of the coefficients (recall that B(b→ sγ) ∝ |ceff7 (µ)|
2),
and by including the upper and lower CLEO bounds. The horizontal lines correspond
to potential limits B(b→ sg) < (3−30)×B(b→ sg)SM . We see that such a constraint
on b → sg is needed to further restrict the values of the Wilson coefficients at the
matching scale.
In two-Higgs-doublet models the H± contributes to b→ sγ via virtual exchange
together with the top-quark, and the dipole b→ s operators (O7,8) receive contributions
from this exchange. At the W scale the coefficients of these operators take the form
(in Model II described above)
ci(MW ) = G
SM
i (m
2
t/M
2
W ) + A
H±
1i
(m2t/m
2
H±) +
1
tan2 β
AH
±
2i
(m2t/m
2
H±) , (3)
where i = 7, 8. The analytic form of the functions A1i , A2i can be found in Ref. 16. In
Model II, large enhancements appear for small values of tanβ, but more importantly,
we see that B(b → sγ) is always larger than that of the SM, independent of the
value of tanβ due to the presence of the AH
±
1i
term. In this case, the CLEO upper
bound excludes12,17 the region to the left and beneath the curves shown in Fig. 2(b)
for mt = 174± 16GeV and µ = 2mb.
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TheH± couplings in Model II are of the type present in Supersymmetry. However,
the limits obtained in supersymmetric theories also depend on the size of the other
super-particle contributions to b → sγ, and are generally much more complex. In
particular, it has been shown18,19 that large contributions can arise from stop-squark
and chargino exchange (due to the possibly large stop-squark mass splitting), as well
as from the gluino and down-type squark loops (due to left-right mixing in the sbottom
sector). The additional neutralino-down-squark contributions are expected to be small.
Some regions of the parameter space can thus cancel the H± contributions resulting
in predictions for the branching fraction at (or even below) the SM value, while other
regions always enhance the amplitude. In minimal supergravity models with radiative
breaking, the sign of the sparticle loop contributions is found to be correlated with
the sign of the higgsino mass parameter µ. This is demonstrated in Fig. 2(c) from
Ref. 19, where B(b → sγ) is displayed as a function of the charged Higgs mass, for
negative and positive values of µ. The points in this figure represent a scan of the
remaining parameter space that is phenomenologically consistent. We see that taking
µ < 0 (> 0) enhances (suppresses) the branching fraction from the predictions in Model
II. These authors19 also find that mH± > 400GeV for µ < 0 and tan β ≥ 10, while
mH± > 180GeV with 3 ≤ tanβ ≤ 5 for both signs of µ.
The trilinear gauge coupling of the photon toW+W− can also be tested in radia-
tive B decays. b → sγ naturally avoids the problem of introducing cutoffs to regulate
the divergent loop integrals due to the cancellations provided by the GIM mechanism,
and hence cutoff independent bounds on anomalous couplings can be obtained. In
this decay only the coefficient of the magnetic dipole operator, O7, is modified by the
presence of the additional terms in Eq. (1) and can be written as
c7(MW ) = G
SM
7 (m
2
t/M
2
W ) + ∆κγA1(m
2
t/M
2
W ) + λγA2(m
2
t/M
2
W ) . (4)
The explicit form of the functions A1,2 can be found in Ref. 20. As both of these param-
eters are varied, either large enhancements or suppressions over the SM prediction for
the b → sγ branching fraction can be obtained. When one demands consistency with
both the upper and lower CLEO bounds, a large region of the ∆κγ − λγ parameter
plane is excluded; this is displayed in Fig. 2(d) from Ref. 12 for mt = 174GeV. Here,
the allowed region is given by the cross-hatched area, where the white strip down the
middle is excluded by the lower bound and the outer white areas are ruled out by the
upper limit on B(b→ sγ). The ellipse represents the region allowed by D0.21 Note that
the SM point in the ∆κγ−λγ plane (labeled by the dot) lies in the center of one of the
allowed regions. We see that the collider constraints are complementary to those from
b→ sγ.
4. The Decay B → Xsℓ
+ℓ−
The inclusive process b → sℓ+ℓ− also offers an excellent opportunity to search
for new physics. The decay proceeds via electromagnetic and Z penguin as well as
by W box diagrams, and hence can probe different coupling structures than the pure
electromagnetic process b→ sγ. This reaction also receives long distance contributions
from the processes B → K(∗)ψ(
′) followed by ψ(
′) → ℓ+ℓ− and from cc¯ continuum
intermediate states. The short distance contributions lead to the inclusive branching
6
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Fig. 2. (a) Bounds on the contributions from new physics to c7,8. The region allowed by CLEO
corresponds to the area inside the diagonal bands. The horizontal lines represent potential
measurements of R ≡ B(b → sg)/B(b → sg)SM < 30, 20, 10, 5, 3 corresponding to the set of
solid, dotted, dash-dotted, dashed, and dotted lines, respectively. The point ‘S’ represents the
SM. (b) B(b→ sγ) as a function of the charged Higgs mass with mt = 175GeV and tan β = 5
from Ref. 19. The solid curve corresponds to the two-Higgs-doublet Model II value, while the
dashed-dot curve represents the SM. The points represent a scan of the supersymmetric
parameter space as described in the text. (c) Limits from b→ sγ in the charged Higgs mass
- tan β plane. The excluded region is that to the left and below the curves. The three curves
correspond to the values mt = 190, 174, 158GeV from top to bottom. (d) Constraints on
anomalous WWγ couplings from Ref. 12. The shaded area is that allowed by CLEO and the
interior of the ellipse is the region allowed by D0. The dot represent the SM values.
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fractions22 (including the leading logarithmic QCD corrections) B(B → Xsℓ
+ℓ−) ∼
(15, 7, 2) × 10−6 for ℓ = (e, µ, τ), respectively, and hence these modes will likely be
observed during the next few years. The best method of separating the long and short
distance contributions, as well as observing any deviations from the SM, is to mea-
sure the various kinematic distributions associated with the final state lepton pair,
such as the lepton pair invariant mass distribution,22 the lepton pair forward-backward
asymmetry,23 and the tau polarization asymmetry24 in the case ℓ = τ . Measurement
of all these quantities would allow for the determination of the sign and magnitude
of the Wilson coefficients for the electroweak loop operators and thus provide a com-
pletely model independent analysis. We note that measurement of these distributions
requires the high statistics samples which will be available at future B-factories. The
lepton pair invariant mass distribution for b→ se+e− is displayed in Fig. 3(a) (taking
mt = 175GeV), where the solid curve includes the contributions from the short and
long range effects and the dashed curve represents the short distance alone. We see that
the long distance contributions dominate only in the Me+e− regions near the ψ and ψ
′
resonances, and observations away from these peaks would cleanly separate the short
distance physics. The tau polarization asymmetry is presented in Fig. 3(b); we see that
it is large and negative for this value of mt. As an example of how new physics can
affect this process, we examine b → sℓ+ℓ− in the case of an anomalous WWγ vertex.
The resulting invariant mass spectrum is shown in Fig. 3(c) for several values of ∆κγ
(taking λγ = 0), and the variation of the tau polarization asymmetry with non-zero
values of ∆κγ and λγ is displayed in Fig. 3(d) for sˆ ≡ q
2/m2b = 0.7.
5. CP Violation in B Decays
CP violation in the B system will be examined25 during the next decade at
dedicated B-Factories. CP violation arises in the SM from the existence of the phase
in the 3 generation CKM matrix. The relation VtbV
∗
td + VcbV
∗
cd + VubV
∗
ud = 0, which is
required by unitarity, can be depicted as a triangle in the complex plane, where the area
of the triangle represents the amount of CP violation. It can be shown that the apex
of the triangle is located at the point (ρ, η) in the complex plane, where ρ and η are
parameters describing the CKM matrix in the Wolfenstein notation. The present status
of these parameters is summarized in Fig. 4(a), where the shaded area is that allowed in
the SM. This region is determined by measurements of the quantities (i) |Vub| and |Vcb|,
(ii) ǫ, the CP violation parameter in K0L decay, and (iii) the rate for B
0
d − B¯
0
d mixing,
together with theoretical estimates for the parameters which relate these measurements
to the underlying theory, such as BK , fB, and BB. The value of mt(mt) is taken to
be consistent with the physical range 174 ± 16GeV. This yields the allowed ranges
for the angles of the triangle: −0.89 ≤ sin 2α ≤ 1.00, 0.18 ≤ sin 2β ≤ 0.81, and
−1.00 ≤ sin 2γ ≤ 1.00.
It is important to remember that this picture can be dramatically altered if new
physics is present, even if there are no new sources of CP violation. Figure 4(b) displays
the constraints in the ρ− η plane in the two-Higgs-doublet Model II. In this case the
presence of the extra Higgs doublet is felt by the virtual exchange of the H± boson
in the box diagram which mediates B0d − B¯
0
d mixing and governs the value of ǫ. For
this ρ − η region, the allowed ranges of the angles of the unitarity triangle become
8
Fig. 3. The (a) lepton pair mass distribution (with ℓ = e) and (b) tau polarization asymmetry
(with ℓ = τ) in the SM, and the (c) lepton pair mass distribution and (d) tau polarization
asymmetry with anomalous WWγ couplings as labeled, for the process b → sℓ+ℓ− with
mt = 175GeV.
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Fig. 4. Constraints in the (a) SM and (b) two-Higgs-doublet Model II in the ρ−η plane from
|Vub|/|Vcb| (dotted circles), B
0
d − B¯
0
d mixing (dashed circles) and ǫ (solid hyperbolas). The
shaded area corresponds to that allowed for the apex of the Unitarity triangle.
−1.00 ≤ sin 2α ≤ 1.00, 0.12 ≤ sin 2β ≤ 0.81, and −1.00 ≤ sin 2γ ≤ 1.00. We see that
the SM predictions for CP violation are thus modified.
6. Summary
We have examined several aspects of physics in theB system in a variety of models
containing physics beyond the SM and discovered that these processes can provide
powerful insights on new interactions. In some cases, such as in b→ sγ, constraints are
obtained which either complement or are stronger than those from other low-energy
processes or from direct collider searches. The decay b → sℓ+ℓ− is also an excellent
probe of new physics and we eagerly anticipate its detection. We also await further
improvements in the data on Z → bb¯ to see if this is the process which finally cracks
the SM. In summary, we have an exciting decade of B physics ahead!
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